Aims. Recent-onset dilated cardiomyopathy (RODCM) is a disease of heterogeneous aetiology and clinical outcome. In this pilot study, we aimed to assess its genetic architecture and correlate genotype with left ventricular reverse remodelling (LVRR). Patients and Methods. In this multi-centre prospective observational study, we enrolled 83 Moravian patients with RODCM and a history of symptoms of less than 6 months, for whole-exome sequencing (WES). All patients underwent 12-month clinical and echocardiographic follow-up. LVRR was defined as an absolute increase in left ventricular ejection fraction > 10% accompanied by a relative decrease of left ventricular end-diastolic diameter > 10% at 12 months. Results. WES identified at least one disease-related variant in 45 patients (54%). LVRR occurred in 28 patients (34%), most often in carriers of isolated titin truncated variants, followed by individuals with a negative, or inconclusive WES and carriers of other disease-related variants (56% vs. 42% vs. 19%, P=0.041). Conclusion. A substantial proportion of RODCM cases have a monogenic or oligogenic genetic background. Carriers of non-titin disease-related variants are less likely to reach LVRR at 12-months than other individuals. Genetic testing could contribute to better prognosis prediction and individualized treatment of RODCM.
INTRODUCTION
Dilated cardiomyopathy (DCM) is a prevalent disease leading to chronic heart failure (CHF). It has a heterogeneous aetiology including genetic, inflammatory, toxic and metabolic causes 1, 2 . The clinical diagnosis of DCM is based on the presence of left ventricular (LV) systolic dysfunction in the absence of abnormal loading conditions or significant coronary artery disease sufficient to cause global systolic impairment 2, 3 . In routine practice, the aetiology of DCM remains often unexplained due to incomplete assessment of family history or recognition of clinical red-flags, suggesting genetic etiology 4 . In addition, potentially reversible causes of DCM like myocarditis and toxic injury may be undiagnosed due to insufficient accuracy of non-invasive diagnostic tools to confirm myocarditis, or concealed history of alcohol, or drug abuse 5, 6 .
An ultimate diagnostic and prognostic challenge are patients with recent-onset DCM (RODCM) who may have variable clinical outcomes ranging from complete recovery of LV systolic dysfunction to rapid progression to end-stage CHF or sudden cardiac death 7 . Importantly, left ventricular reverse remodelling (LVRR), defined as a par-tial improvement of LV systolic function accompanied by reduction of LV volumes, has been identified as a marker of favourable prognosis in RODCM (ref. [8] [9] [10] ). LVRR may indicate either the beneficial effect of pharmacotherapy, disappearance of myocardial toxic or inflammatory insult. Due to the permanent character of myocardial damage, LVRR should be less prevalent in genetic forms of DCM (ref. 7, 11 ).
Tremendous advances have been made in understanding the genetic basis of DCM over the last 30 years. To date, hundreds of mutations in more than 40 genes encoding proteins with various cellular functions have been identified as causing DCM (ref. [12] [13] [14] ). The predominating molecular cause seem to be truncating titin variants, responsible for almost a quarter cases of familial DCM (ref. 14 ) . Most familial forms of DCM are monogenic disorders, most commonly with autosomal dominant inheritance 15, 16 . Some genotypes like mutations of LMNA, PLN, and RBM20 have been associated with severe forms of CHF and / or malignant ventricular arrhythmias [17] [18] [19] . Cardiomyopathy gene panels are usually used in clinical settings to screen the most common disease-causing genes. Discovery of next-generation sequencing (NGS) en-ables us to screen whole protein-coding genome (exome) in a timely and cost-effective way and thus substantially increase mutation detection in both sporadic and familial cases of DCM (ref. 20 ). Recognition of the genetic component, particularly in patients with RODCM or their asymptomatic relatives, could improve risk stratification and thus diagnostic and therapeutic management.
The above formed the motivation for deciding to assess the genetic architecture of RODCM with wholeexome sequencing (WES), and to study the genotypephenotype correlates. Specifically, we wanted to analyse the relationship between the results of WES and left ventricular reverse remodelling. The analysis was designed as a pilot study of the first WES results derived from a large project of WES in RODCM.
MATERIALS AND METHODS

Patients and study design
Patients were recruited in the Department of 1 st Internal Cardio-angiology, St. Anne's University Hospital in Brno, Czech Republic. This multi-centre prospective observational study was approved by the Institutional Ethics Committee at all respective participating institutions and all patients signed the written informed consent. All clinical, genomic data and samples were independently anonymized and stored in secured local databases according to the provisions of the Czech data protection authority (www.uoou.cz) and in accordance with Act 373/2011 Sb ( §28-29). We prospectively enrolled 83 consecutive patients with recent-onset DCM, specified by a history of heart failure of less than 6 months. DCM was defined in accordance with the ESC definition by the presence of LV dilatation (LVEDD 33mm/m in men and 32 mm/m in women) and LV systolic dysfunction (LVEF < 45%) in the absence of abnormal loading conditions (hypertension, valve disease) or coronary artery disease sufficient to cause global systolic impairment 2 . Other inclusion criteria were age ≥ 18 years and signed informed consent. DCM was considered familial when at least 2 genetically related first-degree relatives were diagnosed with DCM, or in cases of premature sudden cardiac death or CHF in a first-degree relative. Exclusion criteria, except for the already mentioned hypertension, valvular disease and coronary artery disease encompassed proven myocarditis or specific antibiotic, antiviral or immunosuppressive therapy, post-tachycardic, toxic, metabolic or endocrine aetiology, and specific therapy affecting natural ventricular remodelling such as resynchronization therapy and ventricular assist devices. Initial patient assessment included 3-generation family history, physical examination, ECG, echocardiographic examination, routine blood tests, and collection of 5 mL of noncoagulated peripheral venous blood for molecular genetic testing. All patients received standard heart failure pharmacotherapy. Equivalent doses of angiotensin converting enzyme inhibitors, angiotensin receptor blockers and beta-blockers were expressed as a percentage of the maximum recommended daily dose according to the latest ESC guidelines 1 . All patients were followed-up by clinical examination, ECG, echocardiography and routine blood tests at 12 months, to assess cardiac remodelling. Echocardiography was performed by experienced operators in accordance with the guidelines of the American Society of echocardiography 21,22 -M-mode, 2D images and Doppler recordings were obtained using a Vivid E9 (GE Healthcare, Chalfont St Giles, UK). The LVEF was assessed using Simpson's biplane method.
Patients with a positive genetic screening were invited for genetic counselling by a clinical geneticist and their first-degree relatives were invited for clinical cardiology assessment -ECG, echocardiography, and after signing an informed consent, a gene-specific genetic testing, in line with current recommendations 23 . Table 1 describes the study group characteristics.
Next-generation sequencing (NGS)
Genomic DNA was extracted from peripheral blood samples (EDTA blood) using a standard Qiagen SPE extraction kits. Exome sequencing was performed using 1 μg of DNA from affected individuals. For DNA enrichment of barcoded DNA libraries were used SeqCap EZ MedExome Target Enrichment Kit (Roche, Madison, USA) according to the manufacturer's protocol. DNA sequencing was performed on the captured barcoded DNA library using the Illumina Hiseq 2500 system at the Genomic facility in Motol University Hospital in Prague. The resulting FASTQ files were aligned to the Human Genome Reference (hg19) using Novoalign (3.02.10). Following genome alignment, conversion of SAM format to BAM and duplicate removal were performed using Picard Tools (1.129). The Genome Analysis Toolkit, GATK (3.3) (ref. 24 ) was used for local realignment around indels, base recalibration and variant recalibration and genotyping.
Variant annotation and classification
Variant annotation was performed with SnpEff (ref. 25 ) and GEMINI (ref. 26 ). Only the sequence having a frequency lower than 0.0005 in the dbSNP, ExAC (http://exac. broadinstitute.org/), gnomAD (http://gnomad.broadinstitute.org/) and our internal exome database were prioritized for further analysis. Identified genetic variants were filtered according to the expected autosomal dominant model of the disease and evaluated according to the biological relevance of the corresponding genes. Candidate variants were visualized in Integrative Genomics Viewer (IGV) -version 2.3.32 (ref. 27 ).
Standard variant classification 28 was adopted according to the guidelines for the interpretation of sequence variants 29 dividing variants into 5 groups as 1. Benign, 2. Likely benign, 3. Variants of uncertain significance, 4. Likely pathogenic and 5. Pathogenic. Mutation Taster tool (www.mutationtaster.org) (ref. 30 ) was used to evaluate the disease-causing potential of the sequence variants and only variants in group 5. pathogenic, 4. likely pathogenic, and selected 3. variants of unknown significance where Mutation Taster predicted pathogenic variant were considered to be disease-related, the remaining variants were classified as non-significant.
Cardiology assessment and gene-specific testing in first-degree relatives
All patients with positive genetic results were invited by letter for genetic counselling by a clinical geneticist and their first-degree relatives were invited for clinical cardiology assessment -ECG, echocardiography, and after signing an informed consent, a gene-specific genetic testing using Sanger sequencing method to study segregation in families.
Statistical analysis
Categorical data were expressed as percentages and compared using the chi-squared test and Fisher's exact test. Continuous variables were expressed as means (SD) or medians and interquartile range. They were compared using the Student t-test for paired or unpaired data, and by the non-parametric Mann-Whitney test, or Wilcoxon test where appropriate. For all tests, a probability value of P<0.05 was considered significant. The data were analysed using statistical software SPSS (Chicago, Illinois, USA) for Windows, version 17.0.
Genotype-phenotype association analysis
Patients with RODCM were characterized by age, gender, family history of DCM, concomitant diseases, NYHA class, blood pressure and ECG characteristics, pharmacotherapy, laboratory results, and echocardiography parameters at baseline and at 12-month follow-up.
Whole-exome sequencing was carried out for all subjects. LVRR was defined as an absolute increase in left ventricular ejection fraction (LVEF) > 10% accompanied by a relative decrease of left ventricular end-diastolic diameter (LVEDD) >10% at 12-month follow-up. Association with genetic causes and specific gene mutations was examined. Fig. 1. A, B . Gene distribution in RODCM. 
RESULTS
Clinical and genetic screening for familial DCM
In our well-defined cohort of 83 consecutive patients with RODCM (for patient characteristics see Table 1) we found a positive family history of DCM in 14 patients (17%), while 69 patients (83%) appeared to be sporadic cases. WES suggested much stronger genetic determination of RODCM than the family history itself. NGS genetic testing uncovered disease-causing pathogenic variants in 45 patients (54%) and only 38 patients (46%) had non-conclusive, or negative genetic result.
Whole-exome sequencing data (WES)
As expected, the gene spectrum of identified variants in RODCM was quite wide (Fig. 1 ) comprising a total of 28 different genes, with the majority of truncating variants in titin (TTN) gene which was found in 10 (12%) patients. Other known cardiomyopathy genes were identified in 26 (31%) of all patients, with most variants in sarcomeric genes -cardiac myosin binding-protein C (MYBPC3), beta-myosin heavy chain 7 (MYH7), cardiac troponin I3 (TNNI3). Other rare variants included genes coding proteins in various myocyte compartments -sarcomere (MYH6, TPM1, TNNI3K, MYL2, MYL3, MYLK, MYOM1) , Z-disc (ACTN2, MYPN, NEXN, NEB, ANKRD1) , cytoskeleton (DES, FLNC), desmosomes (DSP), nuclear envelope (LMNA, SYNE2), nucleus (RBM20, CASZ1, TBX20), ion channels (SCN5A), dystrophin complex (DTNA), and extracellular matrix (LAMA4). Some of the pathogenic gene variants affected genes which were not previously described as typical DCM genes but were annotated to other cardiomyopathies or affect heart development. A large number of studies suggest the additive effect of several mutations in different genes in a single patient, sometimes dubbed as oligogenic inheritance 28 . In our cohort, 10 patients (12%) had pathogenic variants in ≥ 2 genes. Fig. 1. A and B pie chart shows gene distribution in RODCM.
Cardiology assessment and gene-specific testing in first-degree relatives
The clinical and genetic cascade screening in families is still ongoing. To date, the family response rate is 23 (48%) for genetic testing and 18 (37.5%) for cardiology assessment. In total, we already assessed 47 first-degree relatives genetically and 35 clinically, the mean was 2 firstdegree relatives per patient. Sanger sequencing uncovered 13 (48.1%) family members with positive segregation of the disease-causing variant, all of them were asymptomatic and none of them met the DCM echocardiographic criteria, even though we were able to detect mild changes as grade I diastolic dysfunction and non-specific ECG abnormalities (early repolarization, negative T waves). Cardiology assessment uncovered only 1 patient (2.9%) with DCM who was previously diagnosed and treated, and the gene-specific testing results of this patient are not available yet). In addition, 16 (45.7%) of asymptomatic first-degree relatives showed mild echocardiographic and ECG abnormalities which may precede the development of the disease.
Development of clinical and echocardiographic characteristics at 12 months
We observed a significant improvement in several important clinical characteristics at 12 months of follow-up. Both subjective (NYHA class P < 0.001) and objective (NT-proBNP level, P<0.001) markers of heart failure improved significantly in the whole cohort (Table 1) . Left ventricular echocardiographic parameters also showed significant improvement (LVEF, P<0.001) and LVEDD, P<0.001) ( Table 1) .
Genetic prediction of reverse remodelling
We found a moderate association between the development of left ventricular echocardiographic parameters at 12 months and WES results in our recent-onset DCM patient cohort. Individuals with a negative or non-conclusive WES result had a higher occurrence of LVRR and more favourable changes of LVEF and LVEDD than patients with non-titin disease-related variants ( Table 2) . Interestingly, 9 carriers of isolated titin truncating variants achieved similar or even better improvement in LVEF and LVEDD (LVRR prevalence in 56% of cases) compared to individuals with negative or non-conclusive WES. (Table  2) . Table 3 describes the other baseline variables and their relationship to 12-month LVRR. Interestingly, female gender and a lower baseline creatinine serum levels predicted LVRR.
DISCUSSION
To the best of our knowledge, our project is the first study correlating prospective genotyping and clinical follow-up in RODCM. The main results of this pilot analysis can be summarized as follows: firstly, more than half of RODCM cases has a monogenic or oligogenic genetic background. Secondly, carriers of non-titin disease-related variants are less likely to reach LVRR at 12 months as compared with remaining individuals.
Clinical and genetic screening to detect genetic cause of DCM
A positive family history of DCM is reported in 10 to 20% of cases 15, 20 . Echocardiographic screening in firstdegree relatives may uncover LV enlargement and / or LV systolic dysfunction in almost one third of the relatives. A quarter of these relatives with abnormal echocardiography later develop symptomatic cardiomyopathy 20 . Most cases of familial DCM have an autosomal dominant mode of inheritance sometimes with incomplete penetrance and Association between baseline patient variables and LVRR (ΔLVEF > 10% and ΔLVEDD < -10%) n -number, pts -patients, ΔLVEF -change of left ventricular ejection fraction, Δ LVEDD -change of left ventricular end-diastolic diameter, DCM -dilated cardiomyopathy, NYHA class -New York Heart Association class, BP -blood pressure, LBBB -left bundle branch block, LVEDD -left ventricular end-diastolic diameter, LVEDV -left ventricular end-diastolic volume, LVEF -left ventricular ejection fraction, PLAX -parasternal long axis, RVEDD -right ventricular end-diastolic diameter, TAPSE -tricuspid annular plane systolic excursion, RV Sm -right ventricular Sm wave, ACEi -angiotensin converting enzyme inhibitor, ARB -angiotensin receptor blocker variable expressivity 15 . This exposes the relatives to risk of major adverse cardiovascular events, which could be prevented. Therefore, recent guidelines recommend obtaining a family history of at least 3 generations and clinical screening in first-degree relatives in all patients with unexplained cardiomyopathy 15 . Genetic testing in unexplained DCM is a recommendation level A. Our data suggest genetic determination in a substantial proportion of unselected patients with recent-onset dilated cardiomyopathy and thus support the recommendation of genetic testing.
Genetic architecture of RODCM and its reversibility
Whole-exome genetic screening in our RODCM cohort revealed disease-related variants in 28 different genes with predominance of truncating variants of TTN (12%). Since our study group contained mainly sporadic cases of DCM, this is in agreement with previous studies showing that truncating variants of TTN contribute to 12-18% of sporadic cases and 20-25% of familial cases of DCM (ref. 14, [19] [20] . Truncating variants in cardiac long isoform of TTN can be detected also in 0.5% of healthy general population and were previously associated with larger left ventricular volumes in their carriers. Animal studies suggested that these TTN variants lead to increased fragility to metabolic insults or volume overload, which may trigger evolution of DCM (ref. 31 ). This was confirmed in 2 landmark clinical trials showing increased prevalence of truncating TTN variants in alcoholic and peripartum cardiomyopathy reaching values of 9.9% and 15%, respectively 32, 33 . Both alcoholic and peripartum cardiomyopathy are known as relatively reversible diseases. There are few retrospective studies showing a marked reversibility also in dilated cardiomyopathy due to truncating variants of TTN suggesting the role of other contributing factors in this disease as pressure or volume overload or a toxic insult 34, 35 .
Non-titin gene variants involved in the pathophysiology of our RODCM cases were extremely heterogeneous with a predominance of sarcomeric genes. The most common were variants of cardiac myosin binding protein C3 (MYBPC3) and cardiac beta myosin heavy chain (MYH7) accounting for 4 to 6% of cases. Interestingly, in this reallife cohort of RODCM patients, we found very few variants of genes associated with a poor outcome of dilated cardiomyopathy like LMNA, DES, RBM20 and FLNC (ref. 19 ). There is limited evidence regarding the occurrence of LVRR in non-titin mutation carriers with the exception of laminopathies. The available studies in laminopathies have documented the absence of LVRR and poor prognosis [34] [35] [36] . Further studies are needed to assess LVRR and prognosis in non-titin mutation carriers with RODCM.
Study limitations
We performed this pilot study to develop the methodology of genomic and clinical data analysis in individuals with RODCM. The relatively small sample size limits the applicability of the data and precludes conclusions regarding association between genotype and hard clinical outcomes as mortality and morbidity. One of the general limitations of WES compared to predefined gene panels is the difficulty in interpretation of the results. In clinical settings it is advisable to assess WES only if f the family size is large enough for segregation analysis 23 . We are aware of incomplete clinical and genetic screening in affected families, which could improve interpretation of pathogenicity in detected variants. The main reason was the relatively poor participation of families in the genetic and clinical screening, presumably due to often long travel distances. However, this screening is still ongoing and will hopefully bring in more relatives in the near future.
CONCLUSION
This pilot study is a first whole-exome sequencing study describing the genetic architecture of recent-onset dilated cardiomyopathy in the Moravian region. We discovered that a substantial proportion of RODCM cases have a monogenic or oligogenic genetic background. We found that carriers of non-titin disease-related variants were less likely to reach left ventricular reverse remodelling at 12 months compared to the remaining individuals. This could be seen as a negative prognostic marker of disease development. Further studies are needed to assess the relationship between genotype and hard clinical outcomes in RODCM. We believe that genetic testing could contribute to prognostic evaluation and even individualized treatment of RODCM in the near future.
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